Moving from homogeneous water-splitting photocatalytic systems to photoelectrochemical devices requires the preparation and evaluation of novel p-type transparent conductive photoelectrode substrates. We report here on the sensitization of polystyrene-block-poly-(2-vinylpyridine) (PS-b-P2VP) diblock copolymer-templated NiO films with an organic push -pull dye. The potential of these new templated NiO film preparations for photoelectrochemical applications is compared with NiO material templated by F108 triblock copolymers. We conclude that NiO films are promising materials for the construction of dye-sensitized photocathodes to be inserted into photoelectrochemical (PEC) cells. However, a combined effort at the interface between materials science and molecular chemistry, ideally funded within a Global Artificial Photosynthesis Project, is still needed to improve the overall performance of the photoelectrodes and progress towards economically viable PEC devices.
Introduction
The production of fuels through light-driven processes is a promising solution for the durable storage of solar energy [1] [2] [3] . For example, molecular hydrogen can be produced from water splitting with O 2 being generated as a side product. Alternatively, coupling photocatalytic water oxidation with the reduction of CO 2 produces carbon-based fuels, with a net zero-carbon footprint. A number of molecular and supramolecular photocatalytic systems for H 2 evolution, CO 2 reduction or water oxidation have been reported during the last decade [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . These systems however only achieve one-half of the targeted process and require the use of sacrificial components to furnish or accept the electrons required or produced by the catalytic reaction, respectively. Most attempts to couple light-driven oxidative and reductive processes in homogeneous phase have not been successful so far. A solution to this issue consists of separating these processes into two compartments of a photoelectrochemical (PEC) cell [21] . This approach has the obvious advantage of avoiding the production of potentially exploding mixtures. It, however, requires a fine regulation of photon, electron and proton management between both photocatalytic systems, which can be achieved through the grafting of the active components at the surface of transparent conductive electrode substrates [22] . Extending the n-type dye-sensitized solar cell (DSSC) technology, significant achievements in this direction have been reported recently regarding the & 2015 The Author(s) Published by the Royal Society. All rights reserved. preparation of molecular-based photoanodes for water oxidation [23] [24] [25] [26] [27] [28] [29] . Co-grafting of a water-oxidizing catalyst with a molecular dye on mesoscopic TiO 2 substrates yielded electrodes able to deliver up to 2 mA cm 22 photocurrent corresponding to O 2 evolution under visible irradiation [27] . Of note, such a current density corresponds to approximately 20% of the targeted performance for implementation in a PEC device with 10% solar to fuel efficiency [30] . By contrast, the preparation of molecular photocathodes with similar architectures is strongly hampered by the lack of a suitable p-type transparent electrode substrate [31] . Despite its inherently low electronic conductivity, nickel oxide (NiO) currently stands as the benchmark of such materials. Efforts have targeted the preparation of nanostructured NiO films to increase the active surface area of the electrode, and thus to optimize the loading in photocatalytic units [32] [33] [34] [35] [36] [37] . A facile synthetic route to nanostructured NiO films with a Brunauer-Emmett-Teller (BET) area of about 50 m 2 g 21 has been recently described based on the use of amphiphilic polystyrene-block-poly-(2-vinylpyridine) (PS-b-P2VP) diblock copolymers as templates [38] . We report here on the sensitization of such a material with an organic pushpull dye and demonstrate the potential of templated NiO film preparation for photoelectrochemical applications.
Results and discussion

NiO film preparation
Porous nanostructured NiO films were deposited onto fluorine-doped tin oxide (FTO)-coated glass substrates according to a procedure previously described for deposition on glass substrates using amphiphilic polystyrene-block-poly-(2-vinylpyridine) (PS 75 -b-P2VP 25 ) diblock copolymers-the subscripts denote the weight fraction of the corresponding block [38] . The procedure was repeated three times to obtain three-layer films with homogeneous film thicknesses of 150-200 nm as measured by scanning electron microscopy (figure 1). These films are almost transparent in the visible region (400-800 nm; see below). In this study, we compared PS-b-P2VP-templated films with previously reported F108-templated films [35, 39] . These films (figure 1) have thicknesses ranging from 300-400 nm for mono-layered substrates to 900-1000 nm for three-layer films.
Synthesis and characterization of a push -pull organic dye
Donor-p-acceptor (push -pull) organic dyes have shown relatively high performances in NiO-based p-type DSSCs because of their large molar extinction coefficients [40] . Compound 1 (figure 2 and table 1) , containing a triarylamine electron-donor part and an ethyl cyanoacetate electron-acceptor part separated by a thiophene unit, has been prepared in two steps from previously described di-tert-butyl 4,4 0 -((4-(5-formylthiophen-2-yl)phenyl)azanediyl)dibenzoate [41] . The UV-visible absorption spectrum of 1 in CH 3 rsfs.royalsocietypublishing.org Interface Focus 5: 20140083 potentials can be approximated to the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy levels, respectively (figure 2b), calculated using quantum chemistry (density functional theory (DFT)) to be separated by 2.1 eV. This value was determined as the lowest energy from the UV-vis spectrum evaluated using a time-dependent DFT method [42] . Plots of the HOMO and LUMO are shown in figure 2b , whereas the calculated spectrum is shown in the electronic supplementary material. The distributions of HOMO and LUMO of 1 evidence another advantage of push -pull dyes achieving spatial charge separation in the excited state. Indeed, the donor part, where the HOMO is centred and a hole located in the excited state, was designed to support the anchor groups. It is thus connected to the electrode which optimizes hole injection. By contrast, the acceptor moiety, where the LUMO is centred and an electron is located in the excited state, is located away from the electrode surface, which both limits recombination with the p-type semi-conductor material and fosters electron transfer towards an electron acceptor in solution. The HOMO energy level in 1 is lower than the top of the valence band (VB) in NiO (0.54 V versus NHE at pH 7) [43] (table 1) , in good agreement with hole injection from photo-excited 1 to the NiO VB (figure 2b). In that context, the presence of two anchoring carboxylate groups attached on the triarylamine moiety favours both strong binding of 1 to NiO and electronic coupling optimization between the HOMO in 1 and the NiO VB orbitals.
NiO film sensitization and characterization
The different NiO substrates were sensitized through soaking in a CH 3 CN solution of dye 1 for 24 h. The samples were rinsed with CH 3 CN and dried in air before characterization. For all samples, a spectral broadening associated with a small red shift (ca 10 nm) of the absorption band is observed. These modifications could result from interactions of the dye molecules with the NiO substrate through grafting and possibly from intermolecular interactions between adjacent grafted dyes. Assuming that these interactions do not significantly modify the molar absorption coefficient 1 max of the dye, we estimated the surface concentration of 1 using equation ( As expected, the surface concentration of the F108-templated substrates varies almost linearly with the thickness of the films. The surface concentration of PS-b-P2VP-templated three-layer films is slightly lower than the one obtained for the mono-layer F108-templated films, in good agreement with the reduced thickness of these films. Accordingly, the calculated dye volume concentration is almost identical in all dye-sensitized films. In order to detail the electron-density changes within the dye on the NiO surface, which are associated with photoabsorption, resonance Raman (rR) measurements have been carried out. Furthermore, rR mapping allows for visualizing the distribution of the dye on the NiO surface. The rR spectra in solution (figure 4a) and on NiO (figure 4b,c) are identical except for the fluorescence background (see below) and the Raman bands of the solvent. All of them are in good agreement with the DFT-calculated Raman spectra after application of a 0.98 scaling factor (figure 4d ). This means that binding to the surface does not influence the nature of the initial photoexcitation in 1. Upon changing the excitation . Nonetheless, some regions of higher dye concentration (up to ca 6500 counts cm 21 ) on the surface are observed. These might originate from inhomogeneities in the NiO surface introduced upon the deposition of the copolymer-Ni reaction mixture during the doctor blading.
Photoelectrochemical properties of dye-sensitized NiO films
We then investigated the PEC properties of these dye-sensitized NiO films. The substrates were used as the working electrode in a three-electrode configuration purpose-designed cell. Aqueous sodium acetate buffer ( pH 4. , and maximum photocurrent densities at þ0.20 V versus NHE (0 V versus Ag/AgCl). We therefore used this potential for the whole series of experiments described below. In the absence of any electron acceptor in solution, small cathodic photocurrents (ca 10 mA cm
22
) were recorded. This phenomenon has been previously observed and assigned to H 2 evolution [45] although we could not detect any hydrogen in the headspace of the cell after 12 h of continuous photoelectrolysis. We thus believe that a significant part of this photocurrent is due to the reduction of residual traces of O 2 present in the electrolyte or trapped within the nickel oxide films. Nevertheless, such a behaviour is directly related to the presence of 1 at the surface of the films since non-sensitized NiO films do not show any photocurrent under the same conditions. Photocurrent enhancement observed in the presence of IEA ( figure 6 ) is attributed to the establishment of photoinduced electron transfers from NiO to IEA, mediated by the excited dye. Two mechanisms are possible: in the oxidative quenching process, a photo-induced electron transfer occurs from photo-excited 1 to the Co(III) acceptor in solution, the ground state of 1 being subsequently regenerated through hole transfer to the conducting band of NiO. In the alternative reductive quenching process, hole injection from the excited state of 1 to NiO occurs first, producing surface immobilized observed during rR spectra of 1 when shifting from solution onto NiO (see electronic supplementary material). We have studied the variation of the photocurrent value with the concentration of the Co(III) electron acceptor in solution. Figure 7 shows that the photocurrent value does not vary much for cobalt concentrations superior to 10 mM. There are two possibilities for the rate-determining step in this experiment. First, diffusion of the Co(III) electron acceptor within the porous film can limit the reaction. Second, under the assumption that diffusion does not influence photocurrents, hole injection can be rate-determining. The probability that diffusion is dominating this process is higher as hole injection is generally reported to be very fast with time constants of hundreds of femto-seconds to a few pico-seconds for organic dyes [46] [47] [48] [49] [50] . Photocurrent densities as high as 270 mA cm 22 are obtained for F108-templated three-layer NiO films (figure 6). Interestingly, 1-sensitized PS-b-P2VP-templated three-layer films display photocurrent values as high as those obtained for thicker F108-templated one-layer films. This indicates that the PS-b-P2VP-templated formulation proves superior to the thicker F108-templated one for such PEC applications. For thicker films, however, the photocurrent density does not linearly vary with the film thickness or the surface concentration of the dye. Such a current rsfs.royalsocietypublishing.org Interface Focus 5: 20140083 plateauing may come from limited diffusion of the Co(III) complex within the films. Nevertheless, in all cases, the photocurrents proved very stable with time. We thus decided to compare the aqueous acetate buffer conditions examined here with phosphate buffer conditions more typically used in the literature [27, 51, 52] . Figure 8 compares the PEC performance of the same electrode recorded first in acetate buffer ( pH 4.5, black trace) and then in phosphate buffer ( pH 7, red trace). Photocurrents measured in phosphate buffer are clearly less stable with time than those measured in the presence of acetate buffer as the electrolyte. After 10 min, they usually stabilize to values between 40 and 60 mA cm 22 . This is likely to be due to the fact that phosphate ions interact more strongly with the NiO surface than the carboxylate anchors in 1, so that some dye leaches from the surface. We observe a lag phase to this phenomenon which may correspond to the time required to displace surface-anchored acetate anions which are more tightly bound than dye 1.
We finally compared the push -pull dye 1 with the Rubased dye [Ru(bpy) 2 ) measured for a 500-nm-thick polymertemplated nano-ITO film sensitized with the same ruthenium-based dye 2 and a similar surface concentration (4.4 nmol cm 22 ) [51] . This comparison supports the combination of a p-type NiO electrode substrate with push -pull organic dyes with enhanced light absorptivity as optimal architecture for the design of molecular-based photoelectrodes.
Conclusion
This study shows that state-of-the-art NiO films are suitable materials for the construction of dye-sensitized photocathodes with current densities up to 300 mA cm 22 . Such photocurrent densities can be achieved with simple and easily accessible push -pull organic dyes displaying high molar absorptivities in the visible region. Further developments in materials chemistry are needed to increase these values to a few mA cm 22 and to comply with the requirement of economically viable PEC devices [30] . Nevertheless, state-of-the-art H 2 -evolving molecular photocathodes still exhibit 10-fold lower photocurrents, indicating that efforts should now be directed towards the optimization of directional electron transfer from the grafted dye (either in the photoexcited or reduced state) to the catalytic unit and/or the development and integration of faster multi-electron reduction catalysts. The stable photocurrents obtained in pH 4.5 acetate buffer electrolyte, i.e. conditions where cobalt-based catalysts have proved to be stable and active for H 2 evolution [53, 54] , hold promise for the development of functional photoelectrodes. This study resulting from the combined efforts of four distinct groups from France and Germany demonstrates the relevance of a Global Artificial Photosynthesis Project promoting interactions at the interface between various fields such as materials science, molecular chemistry, theoretical chemistry and physical chemistry. Such a global enterprise must not only be continued, but also supported and funded, at the international level.
Experimental section
All chemical reagents were purchased from Sigma sources and used as received. Di-tert-butyl-4,4 0 -((4-(5-formylthiophen-2-yl)phenyl)azanediyl)dibenzoate was synthesized as previously described [41] . FTO-coated glass substrates (1.1 mm thickness; 80 VA 21 ) were purchased from SOLEMS S.A., Palaiseau, France. 1 H and 13 C NMR analyses were performed on a Bruker Avance III 300 spectrometer.
Chemical shift values are given in ppm with reference to solvent residual signals [55] . Fourier transform infrared spectra were recorded on a Perkin-Elmer Spectrum 100 spectrometer using a Pike Miracle single reflection attenuated total reflectance (ATR) sampling accessory equipped with a Ge crystal. UV-visible absorption and emission spectra were recorded on an Agilent Cary 60 UV -Vis spectrometer and a Jasco FP-8500 fluorimeter, respectively. 2) was employed for all DFT calculations. Geometry optimizations were performed using the B3LYP functional [59, 60] and the Ahlrichs TZVP basis set, which is of triple-zeta quality [61] , augmented by extra polarization and diffuse functions (ORCA keyword ACCOPT). Calculations were done both in vacuum and with an implicit solvent model of acetonitrile, using ORCA's version of the COSMO method [62] . After geometry optimization, time-dependent DFT calculations were carried out to determine the UV-vis spectra and the HOMO-LUMO gap [42] , together with harmonic frequency calculations to evaluate the IR and Raman spectra. The plots of the HOMO and LUMO orbitals were made with the VMD program [63] .
Scanning electron microscopy was performed on a JSM-6300F (JEOL, Tokyo, Japan) field-emission microscope (FE-SEM). The lateral resolving power of the system is specified to be approximately 3 nm at 15 keV. An Everhardt-Thornley-type detector was used for imaging for secondary electrons (SEI). If needed the specimen stage was tilted (up to 608) to enhance the topographic visibility. The Ni 2þ -loaded material was deposited onto glass substrates.
In order to avoid charging effects all samples were coated rsfs.royalsocietypublishing.org Interface Focus 5: 20140083
with approximately 20 nm carbon. Cross-sectional preparations were performed after short-term LN 2 -cooling in order to reduce the degree of ductility and to achieve plain true-edge fracture patterns. For the rR microspectroscopy measurements a conventional micro-Raman set-up (Labram HR, Horiba Jobin Yvon) was used. The spectrometer was equipped with a 600 line mm 21 grating and combined with an Olympus inverse microscope IX71. The excitation wavelengths were delivered by a krypton-ion laser (Model Coherent Innova 301C; l ¼ 413 and 476 nm). For the measurements, the laser was focused onto the dye-sensitized NiO surface using an Olympus 20Â UPlan FLN microscope objective. The incident laser power was 1 mW at the sample, the spot diameter was 1 mm. The spectra were recorded with an integration time of 2 s per spectrum. All spectra presented in this paper are mean spectra of a quadratic map (60 mm edge length, 10 Â 10 spectra), which builds a profound and statistically reliable basis for the comparison of rR intensities. The mean spectra were processed by the statistics-sensitive nonlinear iterative peakclipping (SNIP) algorithm for background correction using Gnu R [64] and the library 'Peaks' with 20 iterations [65] . The synthetic procedure for the preparation of templated NiO films followed that described in the literature [38] . Polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP) was synthesized via sequential anionic polymerization using a procedure adopted from the literature [66] . The mixture of block copolymer and Ni was deposited through doctor blading for three times on FTO-coated glass substrates with 5 min in a furnace at 4508C after deposition of the first and second layer and 25 min in the furnace after the third deposition step.
To a solution of di-tert-butyl-4,4 0 -((4-(5-formylthiophen-2-yl)phenyl)azanediyl)dibenzoate (1 eq, 0.2 mmol, 110 mg) and ethyl cyanoacetate (95 eq, 19 mmol, 2 ml) in 5 ml of dry CHCl 3 was added piperidine (25 eq, 5 mmol, 0.5 ml). The reaction mixture was stirred at room temperature for 12 h under argon and protected from sunlight. The mixture was diluted with CHCl 3 and washed with 1 M aqueous HCl then water. After removal of the solvent, the crude product was purified on a silica gel column using pentane/ethyl acetate (8/2) as eluent to give the di-tert-butylester as an orange solid (88 mg; 68%). 1 
To a solution of di-tert-butylester (1 eq, 35 mg. 53.8 mmol) in 3.5 ml of CH 2 Cl 2 was added trifluoroacetic acid (10 eq, 0.4 ml, 0.52 mmol). The reaction mixture was stirred for 5 h at room temperature. After removal of the solvent, the crude product was purified by precipitation from a CH 2 Cl 2 /cyclohexane mixture. The resulting orange powder was filtered, washed with pentane and dried under a vacuum to afford pure 1 (28 mg; 97%). 1 
Film sensitization
The variously prepared NiO electrodes were soaked in a 0.5 mM solution of 1 in CH 3 CN for 24 h on an orbital stirring table. The electrodes were rinsed with CH 3 CN and dried in air.
Photoelectrochemical measurements
Photocurrent measurements were performed in a specific cell in a three-electrode configuration. The FTO-coated glass substrate (onto which the NiO film had been deposited) was clamped on the cell, serving as both working electrode and window. The surface of the working electrode in contact with the electrolyte was 0.42 cm Photoelectrodes were back-illuminated with a 300 W ozone-free xenon lamp (Newport) operated at 280 W coupled to a water-filled Spectra-Physics 6123NS liquid filter for elimination of IR radiation and a Spectra-Physics 59472 UV cut-off filter (l . 400 nm). Irradiance at the substrate surface was measured to 100 mW cm 22 (ca two suns) using the Newport PM1918-R power-meter. 
